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Coherent hard x-ray beams with a flux exceeding lo9 photons/set with a bandwidth of 0.1% will be provided by undulators at the third-generation synchrotron radiation sources such as APS, ESRF, and Spring-8. The availability of such high flux coherent x-ray beams offers excellent opportunities for extending the coherence-based techniques developed in the visible and soft x-ray part of the electromagnetic spectrum to the hard x-ray region. These x-ray techniques (e.g., diffraction-limited microfocusing, holography, interferometry, phase contrast imaging, and signal enhancement) may offer substantial advantages over noncoherence-based x-ray techniques currently used. For example, the signalenhancement technique may be used to enhance an anomalous x-ray or magnetic x-ray scattering signal by several orders of magnitude. Coherent x rays can be focused to a very small (diffraction-limited) spot size, thus allowing construction of high spatial resolution microprobes. This paper will discuss the feasibility of extending some coherence-based techniques to the hard x-ray range and the significant progress that has been made in the development of diffraction-limited focusing optics. Specific experimental results for a transmission Fresnel phase zone plate that can focus 8.2 keV x rays to a spot size of about 2 microns will be briefly discussed. The comparison of measured focusing efficiency of the zone plate with that calculated will be made. Some specific applications of zone plates as coherent x-ray optics will be discussed.
I. lNTFiODUCTlON
A radiation source with adequate coherent power offers the unique capability of studying both the amplitude and the phase distribution of a signal wave by detecting its interference with another mutually coherent wave whose wavefront is known.* Techniques based on this coherence property have made a significant impact in science and technology, as well as in our daily life with the invention of the optical laser and the development of necessary coherent optics. The construction of the third-generation synchrotron x-ray sources worldwide (such as APS) will provide many orders of magnitude and more coherent x-ray flux than that from the most brilliant x-ray sources currently available.2 The prospect of such high power coherent x-ray sources opens up excellent opportunities for extending the coherence-based techniques developed in the visible part of the electromagnetic spectrum to the x-ray spectral regime. Concurrently, rapid advances in the last decade in microfabrication technology, high precision surface finishing, crystal growth, controlled-layer deposition, and precision metrology have made it possible to overcome some stringent requirements for making coherent x-ray optics.3 Those advances have allowed for extraordinarily rapid development in soft x-ray holography, microimaging, microanalysis, and microspectroscopy. soft x-ray regime, such as increased absorption length and increased fluorescence yield. In addition to this extension, some coherence-based techniques that have not yet been applied to the x-ray, spectral region can be developed, e.g., coherence-based signal enhancement, which is well developed in the visible light region. The principle of this technique is that the interference intensity of two mutually coherent beams can be many orders of magnitude larger than that of the signal itself. The dependence of interference on polarization can be used to enhance or depress certain polarization components of the signal wave by adjusting the polarization and phase of a mutually coherent reference beam. This signal-enhancement principle can be applied to a broad range of x-ray techniques. For example, an x-ray scattering signal from the magnetic moment of a scattering system may be enhanced by several orders of magnitude. Such an enhancement could greatly increase the usefulness of magnetic x-ray scattering for materials research. Successful implementation of those coherencebased techniques requires that suitable coherent x-ray optics be developed. In this paper, we shall limit our discussion to Fresnel zone plates for hard x-ray applications and their applications as coherent x-ray optics.
II. FRESNEL ZONE PLATES
With the availability of the high coherent x-ray flux Fresnel zone plates have been known more than 100 that will be provided by the third-generation synchrotron years.' Their use as an important microfocusing device in sources, it becomes increasingly important to develop cothe x-ray spectral region (0.5 A <;1< 100 A) was estabherent x-ray optics for hard x-ray applications to extend lished in recent years. A Fresnel zone plate consists of the experiments currently conducted in the soft x-ray recircular zones of materials having alternating optical regime to the hard x-ray regime. Such an extension will profractive index. The geometrical configuration of the zones vide excellent new capabilities that are not available in the in a zone plate is similar to that of interference fringes of a hologram of two mutually coherent point sources.* The radial position RK of the Kth zone is given by Ri = KfA + K2A2/4, where /2 is the wavelength of radiation and f the focal length of the zone plate. The equation can be approximated as
without spherical aberration if the maximum zone index K,, satisfies K,,, < (2f/i1)"2.9 This condition is easily met by most x-ray zone plates fabri'cated thus far and Eq.
(1) will be used as the zone-plate equation in this article. The transmittance of a zone plate described by Eq. ( 1 ), which characterizes the modification to the wave front of an incident beam, is periodic in r 2 = x2 + y' space, and the period is 2f;l. The transmittance function of the zone plate T(r), therefore, can be expanded in a Fourier series of the form" T(r) = c C,$(r; -N/f 1, N where $(r, -N/f > = exp( -jNs-r 2/fA) represents a spherical wave converging to the Nth-order focus of the zone plate, and j = p.
The focusing efficiency of a zone plate, defined as the percentage of radiation delivered to the Nth order focus, is equal to the absolute square of the Fourier transform coefficient CN = 1/2fil sifA?"(r) exp( -jNvr 2/fA)dr. For a zone plate with a square zone profile and thickness d, the focusing efficiency of the Nth-order focus TN is" 
where yi = exp( -2Tdpi/A), and pi and 6i are imaginary and real parts of the refractive indexes of two neighboring zones nj = 1 -6j -jflj, i = 1,2. Figure 1 shows the focusing efficiency of the first order focus (N = 1) calculated using Eq. (3) as a function of x-ray energy and thickness of a zone plate consisting of alternating Cu and Al zones. Note that focusing efficiency better than 10% may be obtained for the x-ray energies calculated, and focusing efficiency as high as 40% may be obtained for the high-energy end of the x-ray spectrum if the thickness of the zone plate is properly made.
Currently, there are essentially two types of microfabrication techniques developed for producing Fresnel zone plates for x-ray applications: the lithography-based techniquesI and the sputtering/slicing techniques.t3 The lithography-based fabrication techniques use either an electron beam writer or deep ultraviolet (UV) holography to generate a zone plate pattern and, subsequently, transfer the pattern into a zone plate. The techniques have been used for producing zone plates of spatial resolution as small as 450 A.14 The use of these zone plates has been limited to x rays of energies less than 1 keV, as their thickness is generally too small to modify the wave front of a hard x-ray beam to achieve an adequate focusing effect. Currently, it seems possible to fabricate microstructures of 5:l aspect ratio, which is defined as the ratio of the thickness of the microstructure to the smallest feature size in the microstructure. It is, therefore, possible in principle to use the lithography-based technique to produce a zone plate of a spatial resolution about 0.2 pm for x rays of energies up to 20 keV (see Fig. 2 ), as the spatial resolution of the zone plate is roughly equal to the smallest zone width.
The sputtering/slicing technique for producing zone plates was primarily developed for hard x-ray focusing applications. While fairly thick zone plates for focusing high energy x rays can be fabricated by this technique, it is not easy to make thin zone plates for applications for low energy x rays due to the grinding/polishing process involved. It is reasonable to expect that the development of the two types of fabrication techniques will eventually overlap and, thus, zone plates applicable to a large x-ray energy range can be fabricated.
Recently a zone plate consisting of alternating Al and Cu zones fabricated using the sputtering/slicing technique13 was characterized using a synchrotron bending magnet source. l5 The primary focal length of the zone plate is 40 cm for 8.0 keV x rays. Both spatial resolution for focusing 8.2 keV x rays and focusing efficiency as a function of x-ray energy were measured. The measured focusing efficiency is shown in Fig. 3 . The focusing properties of the first-, second-, and third-order foci were studied. Full-width at half-maximum (FWHM) of the focus spot size of the third-order focus is estimated to be less than 2 X 4 pm. The estimation is derived from comparison of the x-ray image of a gold grid (see Fig. 4 ) with an electron micrograph of a similar grid that shows a rectangular grid structure." The spot sizes of the second-and first-order focus are about 1.5 and 3 times that of the third- 
assuming that the zone-plate-thickness is 18 pm, which we believe is the mean thickness of the zone plate. More experimental data is needed to determine the exact thickness of the zone plate. order focus, respectively. The foca1 spot size of the firstorder focus is significantly larger than the smallest zone width (0.19 pm) of the zone plate primarily because of inadequate spatial coherence in the illumination beam. The focal spot size is mainly determined by the geometric demagnification of the x-ray source size at the storage ring and the FWHM 300~700 ,um, which is essentially the electron beam size at the bending magnet point. Qur experimental setup corresponds to a demagnification factor of about 55 N and, thus, the demagnified image of the source at the third-order focus (N-3) would be 1.8X4.2 pm, in agreement with the measured results. The fact that the measured focal spot size is comparable to that calculated from simple geometric demagnification of the source indicates that the zone plate can focus x rays to a spot much less than 2 X4 pm. The details of the experiment will be reported elsewhere.15 III. SOME APPLlCATlONS AS COHERENT X-RAY OPTICS Fresnel zone plates are among the most important coherent x-ray optics to be used in coherence-based x-ray techniques. The symmetry of a focused beam about the focusing axis and the lack of spherical aberration (as discussed in the last section) may make zone plates the optics of choice for producing a high quality spherical x-ray wave. This wave-front-shaping capability is very useful in coherence-based x-ray techniques, e.g., x-ray holography and interferometry. This capability was, in fact, used in a Fourier transform holography technique using soft x rays emitted from a low energy x-ray undulator.16 The techSynchrotron radiation 584
nique can be extended to the hard x-rays region with the hard x-ray undulators to be installed on the third-generation storage rings that are under construction worldwide. The wave-front-shaping capability may also be used to manipulate the wave front of a coherent x-ray beam. A coherent plane wave can be focused to a small spatial area at the expense of increased beam divergence. This is useful for applications in which a small sample needs to be illuminated by a large amount of coherent photons while large divergence in the illumination beam is acceptable. The combination of a short-focal-length and a long-focal-length zone plate can be used to build a beam expander, just as two lenses are used in visible light region to increase or decrease a beam size.
The wave front of a coherent wave is well defined, and thus diffraction-limited focusing can be obtained with diffraction-limited optics. The high coherent flux from the third-generation x-ray sources will permit one to focus x rays to a small spot with a large flux of x-ray photons at the focal point. Thus, high spatial resolution microprobes can be constructed. The x-ray wavelength is about three orders of magnitude shorter than that of visible light, and so samples can be imaged or probed with a spatial resolution far better than that obtainable with visible light. The combination of the small focal spot, the moderate x-ray interaction cross section with matter, the contrast mechanism using absorption edges, and elemental sensitivity (labeled by characteristic fluorescence x rays) will provide excellent opportunities in structural and materials analysis. For example, x-ray phase contrast microscopy similar to that in the visible light regime can also be developed by properly using a phase shifter.17 In the x-ray spectral region, the real part of the atomic-scattering factor is generahy larger than its imaginary counterpart. As a consequence, phase contrast arising from elemental composition and the spatial distribution of elements in a sample may provide a better contrast for imaging than absorption-based contrast. This phase contrast can be further enhanced by interfering with a coherent reference beam. The increase in contrast not only increases the signal-to-noise ratio, but also reduces the radiation damage to the sample, which is of great importance in biological applications where radiation damage is a serious concern.5 ACKNOWLEDGMENTS 
